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A\

Summary

This report describes work done on (1) the zolubility of hydrogen
and oxygen in KOH solutiomns, (2) the diffusivity of oxygen in KOH solutions,
(3) the mutual diffusivity of water and KOH, and (4) a summary of pertinent
data for the LiOH-HZO system.

The solubility of oxygen, hydrogen, and argon have been determined
for the KOH concentration range of 0 to approximately 50 wt %, and up to a
temperature of 8000° The solubility of each of these gases decreases sharply
with KOH concentration and somewhat less sharply with increasing temperature.
Henry's law constants show little variation with temperature but are strongly
dependent on KOH concentration. Heats of solution, entropies of solution,
and energies of solution have been derived from the solubility data, and
all of these show generally strong dependence upon both temperature and KOH
concentration. For the most part, the values of the thermodynamic properties
are negative, but there are a number of cases where the sign changes to posi-
tive. In general, the numerical value of the heats and energies of solution
is less than =3.0 Cal./g.mole.

The diffusivity of oxygen in KOH solutions at 25°C has been deter-
mined for four KOH concentrations. The values reported here are generally
somewhat lower (about 10%) than values in the literature; however, extrapo-
lation to infinite dilution leads to a value of 1.91 x 10-5 cmz/sec, which
is very close to the generally accepted value of the diffusivity of oxygen
in water at 25°C.

The mutual diffusivity of water and KOH has been measured for the

KOH concentration range 0-10 N, and for the temperature range 25-7500. The



dependence of the diffusion coefficient on KOH concentration is complex, tend-
ing to pass through a minimum at about 0.25 N, and then through a maximum at
about 4-5 N. A theoretical treatment, based on perturbation of the activation
energy for diffusion by surrounding ions, has been developed; the experimental
data agree well with its predictions over the whole corcentration range,
whereas the Onsager-Fuoss treatment deviates sharply from the experimental
data at KOH concentrations greater than about 0.25 N.

Pertinent literature data on the LiOH=H20 system are also sum-

marized in this report.



1.0 Introduction

This report covers work involvimg the fellowing: (1) additional
measurements of the solubility of hydrogen and oxygen 1n KOH solutiouns,

(2) measurements of the mutual diffusivity of water and KOH, (3) measure-
ments of the diffusivity of oxygen in KOH solutions, and (4) a summary of
pertinent data for aqueous solutiong of lithium hydroxide.

For the most part, the work on solubility of gases in the temper-
ature and concentration ranges of interest was completed during the past
six months. A few measurements at the higher temperatures are still in-
complete, but sufficient data are now in hand to enable one to characterize
the solubility of non-polar gases in aqueous KOH solutions reasonably well.

Similarly, the work on the mutual diffusivity of water and KOH
has been essentially completed during this period.

Few measurements of the diffusivity of either hydrogen or oxygen
in KOH solutions were made during earlier periods. During the past six
months, however, intensive work by a graduate student has resulted in an
experimental technique which seems to be yielding good results. A few
diffusivities of oxygen in KOH solutions are reported here.

Finally, work has begun on the solubility and diffusivity of
oxygen and hydrogen in aqueous LiOH. For the most part this has consisted

of assembling pertinent data from various published socurces.




2. SOLUBILITY OF GASES IN .POTASSIUM HYDROXIDE SOLUTIONS - S. K. Shoor

Solubility of oxygen, hydrogen and argon in aqueous potassium
hydroxide solutions have been measured at temperatures of 25, 40, 60 and
80°C. Measurements for H, have also been made at 100°C.

2

2.1 Experimental

The method previously used for measurements of oxygen solubility,
described in detail in the 2nd Semi-Annual Report (1) involved concentra-
tion of the oxygen by adsorption on a column immersed in liquid nitrogen.
This method was not suitable for measurements of hydrogen solubilities
since hydrogen boils at a temperature below that of any of the gases which
can be used as chromatograph carrier gases, and was therefore not quanti-
tatively adsorbed. Because of this, hydrogen, after being stripped from
the stripping cell, could not be effectively adsorbed. Consequently hydro-
gen solubilities were measured by the method used by Gubbins and Walker (2).
The method was essentially the same as described in the 1lst Semi-Annual
Report (3) except that the stripping cell was redesigned. so that larger
samples could be injected without appreciable backmixing in the cell.
Earlier measurements involved the use of a stripping cell of 3 cm. diameter;
however, in these measurements appreciable mackmixing in the gas space above
the liquid sample led to an unacceptable broadening of the chromatograph
peak. To overcome this problem a stripping cell 1 cm. in diameter and 450
cm, long was constructed. This method was also used to determine argon
solubilities, and to determine oxygen solubilities.

2.1.1 Saturation Test

An accurate knowledge of the partial pressure of the solute gas

in the saturation vessel is essential for reliable solubility measurements.

4




The gas, therefore, was passed through a set of presaturators before enter-
ing the main saturating vessel. 1In this way the partial pressure of the
solute could be determined from the known atmospheric pressure and vapor
pressure of the KOH solution,

To check that the gas entering the saturation vessel was fully
saturated, the following saturation test was conducted. The vapors emerg-
ing from the saturating vessel were collected for a known period of time
in a U-tube containing Drierite. From the weight of water collected and
the flow-rate of the gas, the degree of saturation was determined.

Such tests showed that the gas was not fully saturated, especi-
ally at higher temperatures, and this fault was traced to condensation of
vapor in the tubing connecting the presaturators. This was overcome by
heating the tubing.

Since the oxygen solubilities reported earlier were obtained
before these tests were conducted, the values may be in error due to dis-
crepancies in the assumed partial pressure values. For this reasdn the
oxygen measurements given in the 2nd and 3rd Semi-Annual Reports have been
repeated using presaturators with heated connecting tubing.

2,2 Results

The experimental data for the solubility of oxygen, hydrogen and
argon have been tabulated in Table 2.1, The errors attached to the solu-
bility values in Table 2.1 are the standard deviations from the arithmetic
mean. In almost all cases the solubilities are the mean values for 4 or
more replicate measurements. The absolute accuracy of the reported data
depends on the KOH concentration, being less at high concentrations. Com-

parison of values of the solubility for pure water reported here with
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literature values suggests that the accuracy of the data for dilute solu-
tions is about + 1.5%. The accuracy for concentrated solutions (of the
order 50 Wt. % KOH) is difficult to estimate, but is believed to be of
the order + 6%.

The solubility values for oxygen and argon at all temperatures
and that of hydrogen at temperatures of 25, 40 and 60°C have been plotted
on a semilog paper with abscissa as pvtassium hydroxide concentration and
ordinate as solubility in g.mole of the solute gas per liter of the solu-
tion. Figures 2.1, 2.2 and 2.3 show such plots. Since the solubility
values obtained for hydrogen at temperatures of 80° and 100°C were very
close to those at 6OOC, they have not been plotted. Solid lines in these
plots represent this work whereas the points indicate the work of previous
investigators.

2.2.1 Solubility of Oxygen

In comparing the results for oxygen with those of other inves-
tigators it may be seen that at 250C these data agree within a few percent
with the data of Geffcken (4) and Tobias (5). At temperatures other than
2500, the values reported by various workers differ appreciably. The dis-
agreement is quite pronounced even at low KOH concentrations. For example,
at 60°¢C the solubility reported by Tobias (5) in pure water differs sig-
nificantly (by about 15%) from the currently accepted literature value
(6), and this suggests that discrepancies may be present at other concen-
trations also. The solubilities reported here agree quite well with those
reported by Kaaster and Apel‘baum at very low and very high KOH concentra-
tions. However, at intermediate concentratioms the disagreement is quite

marked.
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The values reported here at 6OOC are smaller than those reported
in the Third Semi~Annual Report (8) by amounts up to about 8%. The differ-
ences may be explained in terms of the incomplete presaturation obtained in
making the earlier measurements, as discussed above.

2.2.2 Solubility of Hydrogen

It may be seen from Figure 2.2 that at a temperature of 25°C, the
data reported here are in fairly good agreement (within a few percent in
most cases) with those of Geffcken (4) and Knaster and Apel'baum (7).
However, at higher temperatures and concentration the disagreement is
greater. The values reported by Ruetschi (8) at 3000 in his recent work
are substantially lower than one would expect from earlier work.

2.2.,3 Solubility of Argon

No data for the solubility of argon in aqueous potassium hydrox-
ide solutions appear to be available in the open literature. However, a
considerable amount of work on the solubility of this gas in water has
been done. It can be seen from Figure 2.3 that the results reported here
are in excellent agreement (within 1.5%) with those of Lannung (10) for
the solubility of argon in water.

2.3 Discussion

The data reported here, as well as those of earlier investigators,
show that the solubility of oxygen, hydrogen and argon decreases very rapidly
with increase in potassium hydroxide concentration. Such a decrease of solu-
bility of a neutral molecule as a result of the addition of an electrolyte is
called the "salting out effect'. It may be seen from Figures 2.1, 2.2 and

2.3 that this effect is less pronounced for hydrogen than for oxygen and

11




argon. Further, the degree of '"'salting out' is approximately the same for
oxygen and argon.

It may be pointed out that no complete and reliable theory is
available as yet which explains this type of effect. It is obvious, however,
that any theory which attempts to explain '"salting in'' and '"salting out"
effects must consider the electrostatic as well as the dispersion forces
between various ions and molecules. At present, an attempt is being made
to develop a suitable theory to explain the solubility phenomena.

2.3.1 Partial Molal Heats of Solution

It may also be seen from the figures that the solubility of these
gases changes with temperature. The change in solubility with temperature
is more pronounced at lower temperatures than at higher ones. This can
be easily and quantitatively seen by the calculation of partial molal
heats of solution.

For a dilute solution of a gas in a liquid, the temperature depen-

dence of the Henry's Law constant is given by the following thermodynamic

expression:
7O._1.8 -
d 1n K (Hihi _ _DH 2.3-1
T - .2 T2 (2.3-1)
RT RT

where Py fi = Kx

where P> f, and x, are the partial pressure, fugacity and mole fraction

i
of the solute gas.
The term‘ﬁg is the partial molal emthalpy of the gas at infinite

dilution and h? is the molal enthalpy of the gas at pressure sufficiently

low that the vapor phase behaves ideally. Then

ﬁ‘.’-h?) = AH is the
1 1

12




molal heat of solution for an infinitely dilute solution. The above
relation can be written in a more convenient form, as:

= g N

d Log K - Hi hi - AH

3 (l) 2.303R 2.303R
T

(2.3-2)

Thus, to obtain Aﬁ, the molal heat of solution, Log K was plotted
against reciprocal absolute temperature. Figures 2.4, 2.5 and 2.6 show
such plots for oxygen, hydrogen and argon, respectively. The calculated
values of heats of solution are plotted in Figures 2.7, 2.8 and 2.9 which
show the dependence of AH on temperature for oxygen, hydrogen and argon,
respectively. For hydrogen the curves corresponding to 207 and 307% KOH
are almost indistinquishable. It is seen from these plots that the heat
of solution is negative at lower potassium hydroxide concentrations and
it becomes less negative as the potassium hydroxide concentration in-
creases. Also, at lower temperatures the heat of solution is more nega-
tive. This indicates that the solubility changes rapidly at low tempera-
tures and that the effect of temperature on the solubility is much less
marked at higher potassium hydroxide concentrations.

2.3.2 Entropy of Solution

Hildebrand (11) derived an expression for the partial molal

entropy of solution of gases in liquids which can be expressed as:

=0 .8 _ Q lna d 1nx ) _
S -8° =R __—5 lnx)T(m . (2.3-3)

where 5°-88 = AS is the entropy change for a differential process per
mole of the gas during solution. Since the solution is dilute, Henry's

law can be assumed and then for a solubility process in which the gas

13
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pressure is one atmosphere one can write

01 0 1“1-1< d Log K
nx _ = - 0g )
d 1nT d InT d Log T (2.3-4)

Thus to get Ag, the Henry's law constant was plotted against
temperature on logarithmic co-ordinates. Entropies of solution were
then found from the slope of the plot.

The calculated entropies of solution for oxygen and argon have
been plotted against temperature in Figures 2.10 and 2.12. It may be
noticed from these plots that the entropy change becomes less negative
as temperature or potassium hydroxide concentration increases. The
entropy of solution for hydrogen is relatively constant with respect
to temperature. However, it becomes less negative as the potassium-
hydroxide concentration increases. Figure 2.11 shows such variations.

2.3.3 Energy of Solution

It has been shown (12,13) that the energy of solution of a gas
molecule in a solvent is an important variable for correlating and pre-
dicting gas solubilities. Elley (14) divided the energy of solution of
a gas molecule into the energy of cavity formation and enmergy of intro-
cution of the gas molecules into the cavity. He showed that for a given
gas, the energy of cavity formation varied widely with the kind of solvent,
and that various gases had much the same value of energy of introduction
of the gas molecule into the solvent.

The energy of solution is given by the following relation:

20
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~ AE - pV% (2.3-6)
, =0 . g
since Vi is much less than Vi

The gas pressure encountered is low, so that we can assume
the ideal gas law. Thus
AE = AH + RT (2.3-7)
Calculated values of AE are plotted in Figures 2.13, 2.14 and 2.15. It

is seen that energies of solution are negative and become less negative

as the potassium hydroxide concentration or the temperature is increased.
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3. The Diffusivity of Oxygen and liydrogen in KOH 5olutions - M, K. Tham

Because of the slowness of diffusion in liquids, accurate measure-
ments of diffusion coefficients are often difficult ard time consuming. In
the case of oxygen diffusing in KOH soluticns, the very low concentration
of dissolved gas presents additional analysis difficulties. Several methods
of measuring diffusivity in concentrated KOH solutions were considered;
these included those employing a diaphragm cell and those based on electro-
chemical reaction at an electrode,

Detailed consideration of the steady-state diaphragm cell method
discussed in a previous report (3) suggested that, in view of the very low
solubility of the dissolved gases at high KOH concentrations (see Section
2), severe difficulties would arise in measuring the low concentratioms of
diffused gas. The unsteady-state diaphragm cell method also appeared to
be unsuitable for similar reasons. Low concentrations of dissolved gases
appeared to be somewhat less of a limitation on electrochemical methods,
and a number of these were considered. Polarography with the dropping

mercury electrode may be used for diffusing O but is not applicable to

20
diffusion of H2 (15). The rotating disc electrode presents problems at
high KOH concentrations where it appears that activation polarization
becomes appreciable, and the process may not be diffusion controlling (5).
The method adopted for these measurements was the stagnant diffusion cell
method which is described below. This method is simple, and appears to

be applicable to measurements of the diffusivity of both oxygen and

hydrogen.
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3.1 Experimental

3,1.1 Theory

Tne stagnant diffusion cell is shown schematically in Figure
3.1. A capillary which forms the diffusion path with an electrode at one
end is immersed in the electrolytic solution saturated with the diffusing
substance. (Contact of the electrode with the solution is made through
the capillary only.) When a DC voltage is applied to the system, the
reducible (or oxidizable) substance will react at the electrode, where
a concentration gradient will be developed and diffusicon will take place.
The flux of the reducible species will increase with an increase in
applied voltage, until a certain voltage is reached at which the supply
of the diffusing reactant substance cannot keep up with the consumption
of the species; at this voltage the concentration at the electrode becomes
zero, and diffusion is said to be controlling.

When such a potential is applied to the cell, the equation
of continuity for the diffusing species with no convection mass transfer

is given by

2
~ I's
L _pe 5 (3.1-1)
t 2
ox
where C = the concentration at any distance from the electrode x, and
time t,
D = the diffusivity

with the following conditions

Initial Comdition: C = CO when t 0, for all x
Boundary Condition: C = 0 when x = 0, for t > 0

Solving equation (3.1-1) with the I.C. and B.C. gives
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Figure 3.1 Schematic Diagram of Linear Diffusion in a Stagnant Cell
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2
c = —= eV dy (3.1-2)

where y is a dummy variable.
The limiting current, being proportional to the flux of

the species, is given by

oC

Ilim = nFA D ( = (3.1-3)

X=0,t

where n = no. of Faradays required per mole of electrode reaction
F = Faraday
A = area of diffusion path perpendicular to the direction of diffusion

( gﬁ = concentration gradient at x=0
=0

However, from Equation (3.1-2) we see that

ox x=0 YnDt
and this lead to

_ D -
Tiim = °FC, A‘\/;t‘ (3.1-4)

Solving Equation (3.1-4) for D we get
2
lim

D = 7T EFE;Z- (3.1-5)

3.1.2 Procedure

The simple linear diffusion cell as described by Kolthoff
and Lingane (15) was used. It consisted of a platinum disc cemented between
two glass capillaries with a pore diameter of 2.4 mm, and 1.5 inches in

length. The silver counter electrode, placed well away from the capillary
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mouth used, had an area of 20 cmz. A Sargent Polarograph, Model XV was
used for both applied voltage and current measurement.

Determination of the capillary area was made by measuring
the diffusion current of 0.0005 M Potassium Ferricyamide solution in
0.1 N KCl solution. Accurate diffusivity for this system have been

reported previously by von Stackelberg, et al. (16).

The KOH solution was saturated with oxygen at a particular
temperature by bubbling through the solution for 30 minutes. Oxygen was
agalin bubbled through the solution for 5 minutes before each repetition
of measurement.

The electrode was cleaned by cathodic evolution of hydro-
gen and the capillary was then filled with fresh solution by injecting
with a syringe, 5 to 10 minutes was allowed for the system to reach equi-
librium before a voltage of -0.5 volt (with reference to a saturated
calomel electrode) was applied. This voltage was chosen as being approxi-
mately in the middle of the first plateau of the voltage-current curve
for oxygen reduction; this first plateau corresponds to the reduction of
oxygen to peroxide. The current was recorded as a function of time.

In all experiments diffusion was in the upward direction.
When the direction of diffusion was downward, the measured current was
very high and at times tended to be unstable. This was attributed to
density gradients which formed during diffusion, 1In view of the fact
that the concentrations of KO4 and water are very large compared to that
of the dissolved gas, transport of OH ions and water would not appear
likely to be a limiting factor. Strong evidence that transport of dis-

solved oxygen was the only diffusive flux that affected the measured




"%

current was provided by ithe fact that the limiting curreunt varied as t 2,
as required by Equation (3.1-4).

3.2 Results and Discussion

The results of the diffusion measuremerts at 25°C are plot-
ted in Figure 3.2, together with those reported earlier by Gubbins and

Walker (17), and Tobias et al.(5) and are tabulated irn Table 3.2. The

results are slightly lower than those reported by the earlier workers
at high concentration. No measurements at higher concentrations were
made because of the low limiting currents. Other means for the measure~-
ment of these small currents will be explored, one of which is to increase
the capillary size.

The accuracy of the determination of concentration is esti-
mated to be + 0.1%. Temperature is controlled to 0.2°C. The deviations
given are standard deviation from the arithmetic mean.

For electrolytic solutions, transport properties, such as

the diffusivity or viscosity, appear to be an exponential function of the
X

+ 1-x+(v++'1/' )x
the mole fraction of KOH and ¥~ is the valence of the iors). The diffu-

species fraction of the electrolyte - defined as (where x is
sivity values reported here, which are plotted on semi-log paper in Figure
3.3, do give a good straight line, indicating that the predicted relation-
ship holds for the temperature and concentration range where data are
available,

The value of diffusion coefficient when extrapolated to
0% KOH gives a value 1.91 x 1005 cmz/sec,, in good agreement with that

reported in the literature.
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Table 3.2

Diffusion Coefficient of 02 in KOH Solutions at ZSOC

Concentration (Wt % KOH) D x 105, cm.z/sec.
5 1.481 + 0.021
13.5 1.002 + 0.01
23 0.683 + 0.014
31.5 0.501 + 0.014
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As can be seen from the data, the diffusion ccefficient of
02 in KOH drops rapidly with increase in KOH concentration. The value of
the diffusivity at 31.6 wt % KOH is only about 30% of that in pure water.

It is interesting to note that the data reported by Gubbins
and Walker, which were obtained by a polarographic method are about 10%
higher than those reported by Tobias. Gubbins and Walker took the constant

A in the modified Ilkovic equation,

i, = 607nD

1/2_ 2/3.1/6 apl/2.1/6
d Cm T

1 +7973
m

as 31.5 as recommended by Meites and Meites (18). If a value of A = 39
is used as recommended by Lingane and Loveridge (19) the agreement of the
two sets of data 1s very good, which emphasizes the importance of the
choice of the value for the constant A.

Diffusion coefficients of H2 in KOH solutions at 30°C were

measured by Ruetschi using a rotating disk electrode (9), and are plotted

in Figure 3.4.
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4. Diffusion of Water in Potassium Hydroxide Solutions - R. N, Bhatia

Measurements have been made of the integral mutual diffusivity
for aqueous potassium hydroxide solutiosns for the entire comcentration
range, and for temperatures in the range 25~750C. The experimental appa-
ratus and procedure, and the method of calculating differential diffusion
coefficients from experimental integral data, were described in detail in
the Third Semi-Annual Report (20). The relationship between the integral

and differential diffusion coefficients is given by
t
D=

rt |i=

ci-c"

(s) Cll

c
dt (#) DdC (4.1-1)

Details of the method for calculating D from D data may be found in Appen-
dix 2.

4.1 Results

Tables 4.1 and 4.2 show the integral and differential diffusion
coefficient values respectively. 1In Table 4.1, the terms <1 and c, are
the initial KOH concentrations in the lower and upper cell compartments
in units (g.moleoln-l); <y had the value zero in all experiments. The
differential values shown in Table 4.2 are the values normally used, and
are diffusion coefficients on the volume-fixed reference frame, defined
by

J=-0D S (4.1-1)
where J is the flux of diffusing material referred to the (moving) center

of volume. This is the reference frame most commorly used, and has the

advantage that the diffusion ccefficients of the two components are equal.
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TARLE 4.1
INTECRAL DIFFUSION COEFFIQIENTS OF AQUECD KT SOLUTTONS
(c.,=00; T i r?m-,z secuul
25°¢ 45°¢ 657 ¢ 75°¢

¢, Dx10° e Dx10° ¢ Fx10° ¢,  Dxlo
0,103 2.70 0.103  3.87 0.103  5.89 0.690 6.80
0.103  2.662 0.103  3.92 0.103  5.79 0.690 6.84
0.103 2.70 0.477 3.86 0.477 5.68 0.912 7.28
0.477 2.67 0.912  3.90 0.912  5.84 0.912 7.23
0.477 2.67 0.912 3.87 0.912  5.89 1.906  7.64
1.050 2.74 1.906 4.14 1.906 6.07 1.906  7.54
1,050 2.7 1.906  4.10 1.906 6.10 4,156 8.36
2.080 2.91 4.156  4.65 4.156  6.75 4.156  8.29
2.080 2.89 4.156  4.68 4.156  6.78 7.008  8.49
4.555 3.19 7.008 5,08 7.008  7.02 7.008  8.46
4.555 3.18 7.008 5.01 9.846 7.12 9.846 8.69
7.668  3.46 9.846 5.11 9.846 7.13 9.846 8.60
7.668  3.50 9.846 5.11 12.616  7.25 12.616  8.74
7.668  3.52 11.742  5.19 12.616  7.27 12.616  8.87
10.667  3.55 12.616  5.24
10.667  3.58 12.616  5.21
10.667  3.60
13.720  3.62
13.720  3.66
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The cells were calibrated using both KCl and #HC1l solutiouns, for
which accurate diffusion coefficient values are already available. Good
agreement was obtained by the two methods. Measured cell constants were
reproducible to within + 0.7%. Calibrations were performed at frequent
intervals to check against possible changes in the cell constant with
time, but no detectable change was found. Chang and Wilke (21) have
shown that changes in cell calibration constant with temperature are
negligible.

The accuracy of the reported differential diffusivity date is
estimated to be approximately + 3%. 7This figure was arrived at by con-
sidering errors involved in operating the cells, ir determining concen-
trations, cell calibration constant and time, and in the procedure used
to calculate differential diffusivities from the experimental integral
values.

4.2 Theory

At present there appears to be no satisfactory theory that may
be used to predict mutual diffusion coefficients in comcentrated electro-
lyte solutions. The Onsager-Fucss theory (22) provides a rigorous approach
that yields quantitatively correct values at concentrations up to about
0.01 molar, but attempts to extend its use to higher concentrations have
been unsuccessful. However, in fuel cell (and most cther) applications,
concentrations much above this value are of interest. A theory based on
a simple model for diffusion in concentrated electrolytes is presented
below. The theory is a modification of Eyring and absolute reaction

rate theory (23).




The equation obtained by Eyrirg for the mutual diffusion coef-

ficient in a binary solution is

(0%

peed |t

3
LY

a DN (4.2""1)

D = kA ac
= kg exp - G0 RT
I,p
where kd = constant
A = jump constant
%
AGo = free energy of activation per molecule

T = temperature

aa

Na

activity of component A (water)

mole fraction of A

The term (alnaA/BInNA) is a thermodynamic nonideality term., We may define
id

D by,
~id D L2 A T -
D = alnaA = kd\ exp(-uGO /RT) (4.2-2)
1nNA

so that Did is a purely kinetic term, the thermodynamic factor having been
removed.,

The following derivation is similar to that of Podolsky (24) for
viscosity of electrolytes. The value of D at infinite dilution (Do) may

be accurately predicted from the Nernst relatior.

o RI(#,) A °
D = ) = (492"'3)
F v |z \ 1,00
1' 1 ~1 72
where vy, = number of moles of ions 1 and 2 per mole of electrolyte
z, = charge for ion 1
¥ = Faraday

o o . W s s . .
Kl ,Xz = experimentally measured limiting equivalent ionic
conductances.,
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On increasing the electrolyte concentration, the ions are assumed

to perturb AGO from its original value, but A 1s aszsumed to be relatively

unaffected (this assumption has been shown a good a

ol

sproximation by Podolsky).
Since the diffusion coefficients for water and KOH are equal on the volume
frame, we shall confine our attention to the diffusion of water molecules.
In addition we shall assume that the molecules and ions are randomly mixed;
that is, the probability that a particle of species i is in a particular
volume element is independent of the species of neighboring molecules.
This assumption is known to be good for organic liquid mixtures (25).
Consider a water molecule interacting with n surrounding water
molecules or ioms. If C is the concentration of electrolyte in g.mole/
liter and if one molecule of the electrolyte gives in solution V., moles

1

of ions of type 1 and v, moles of ions of type 2, the number of i ions

2
interacting with the central water molecule is
18 Cn v,
i
(1000d-CM)+18C (‘ulw2 )

where d is density and M is molecular weight. An ion of type i in the

nearest neighbor ring is assumed to perturb the activation free energy
- * ‘* o

by an amount 51 per mole to AG +-éi, where AG 1is the value for pure

water. The free energy of activaticz for the solution becomes

ISCn(ylél+v°62)

kS k3
o = " °2_‘
86, =BG+ T550d-cMr18C (5 ) (4.2-4)
Inserting this in equation (4.2-2) gives
id 18Cn (v b +U?5_)
23- = exp L L1 22 (4.2-5)

RT 1000d~CM+180(V1+V9)



In this equaticn the term 188/{1000&~CM+1SC(U1+w2] is tte gpecies fraction
of electrolyte. A plet of 1In Uid/DC against thig factor should therefore
give a straight line of slope n(V151+v252)/RT, The perrurbation parameters
él and 62 should be characteristic of the ions involved. By considering

a number of electrolytes it should be possible to prepare a table of these
parameters for various ions, from which diffusion coefficients for other

electrolytes could be predicted.

4.3 Discussion

Figure 4.1 shows the concentration dependence of the mutual dif-
fusion coefficient at the four temperatures studiel. The concentration
dependence is complex, showing a minimum at low concentrations (aboutr 0.25
molar) and a shallow maximum at high concentrations (about 6 molar). A
similar minimum at low concentrations is found for most electrolyte systems,
but maxima such as that seen here for KOH are less common. The values of
D shown for zero ccncentration are the theoretically calculated Nernst
values. The experimental data are seen to extrapolate smoothly to this
limit.

The empirical relationship & = Aexp(%)ﬂ where A and C are con-
stants, is frequently used to describe the temperature dependence of the
diffusion coefficient. This relaticnship is tested for KOH solutions at
constant composition in Figure 4.2, and is seen to be successful over the
temperature range studied. The above equation may therefore be used for
interpolating the data to other temperatures. It may also be used for
extrapolation, to obtain D values for temperatures above 750C, although

with rather less confidence.
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Figure 4.3 shows a semilog ploz of Did/ﬂc ve species fraction of
mn {4,2-1) were
calculated using activity coefficients cbrairad from E.M.F. data (26). As
suggested by the theory developed in the previous secticn, the plot is
linear at electrolyte concentrations up to about 8N. From the slope of

the line,

n(6K+f60H-) = 2,325 cal. (g.mole-l)

Using this value for the perturbation parameter, theoretical values of the
mutual diffusion coefficient may be calculated using Equation (4.2-4);
these are compared with experimental data in Figure 4.4. The proposed
model is seen to provide a much better fit than the Onsager-Fuoss theory
at high concentrations. For the concentration range 0-10 g.mole/l., the
average deviation between experiment and Equation (4.2-4) is 1.3%.

It is of interest to note that the simple theoretical model used
above also applies well to other transport ccefficients of potassium hydrox-
ide solutions. Thus when the relative viscosity (n/ﬂo) arnd relative self-
diffusion coefficient of water (DW/DWO) are plotted vs. electrolyte species
fraction on a semilog plot, straight lizes are obrained (27). A similar
concentration deperndence is observed for the diffusion coefficient of oxygen

in KOH solutions (see Figure 3.3).
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Figure 4.3 Relative diffusion coefficients Did/Do for Aqueous

KOH solutions at 25°C
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5. LITERATURE SURVEY OF PROPERTIES OF LITHIUM IWDROXIDE SOLUTIavs - J. Jolly

Durirg this pericd a literature search has beern made to determine
what measurements of physical properties of lithium hydroxide soluticns are
available. The physical properties searched for have included density,
golubility of lithium hydroxide, heat capacity, viscosity, electrical con-
ductivity, and vapor pressure of the aqueous solutions; solubility and
diffusivity of gases in aqueous solutions (no data were found); and prop-
erties of the solid. The literature searched has consisted of International
Critical Tables, Landolt-Bornstein, Chemical Abstracts from 1927 to date,
and miscellaneous handbooks.

The data found in these sources are summarized in Appendix 1.




6. TFuture Plans

For the next six monthz work will be concentratad on the fol-

lowing areas:

1. Completion of the eciubility measuremerts at Lemperatures up %o
lOOOC and saturated KOW,

2, Measurement of the diffusivity of hydrogen and oxygen in KOH
solutions.

3. Measurement of both solubility amnd diffusivity of hydrogen and
oxygen in LiOH solutions.

4. Further development of a theory of solubility for concentrated
electrelytes.

5. Further development of a thecretical treatment of diffusion in
concentrated electrolytes.,

6. Place a more sensitive chromatograph iate cperation so as to
permit more precise measuremencs of solubility and diffusivity at higher

temperatures and alkali corncertratiors.



APFENDIN

Phygical FProperty Values for LiOH Soiutions from the litersture

A.l.1l Symbel and Units

Tewperature will be expressed in °c
Li0H concentraticn will be in weight %
Vaper pressure of LidH solutions will be in mm. Eg.
Density will be in g/cc
, . o

Heat capacity, in Joules/g C
Viscosity in centipoises

. . . -1 2
Electrical conductivity in ckm “¢em

A.1.2 Solubility of Lithium Hydroxide in Water (25,26)

Temperature Wt % LiOH Temperature Wt 7% LiOH
-10.5 ¢ 7.23 120 °c¢ 15.03
-18.0 i1.20 140 14.38

0 10.64 150 14.23
10 10.80 160 13.79
20 10.99 180 13.19
25 11,14 190 2,81
30 11.27 205.5 12,43
40 11.68 265 11.39
50 12,12 295 12.35
60 12,76 3z1.8 13.04
80 14,21

100 16.05

Note: The golid phase in equilibrium with saturated solutions in the

20

monchydrate LiOH~H2



Temperature
. o
.5 7C

A.1.4 Vapor Pressure of Solid LiOE,HZO 37)

54

A.i.3 Vaper Frevsure of Li0¥W Soluticns {29,34,35)
we % Wt %
Temperature Lilk Varor Pressure Tempersturs 1108 Vapor Pressure
20 2,23% 17.00% mm.Eg 1€0 4,76 4403 mm,Hg
4,569 16,469 8.39 4480
6.701 15.932 23,04 4273
5,739 15,368
10.69 14,794 200 4.76 11012
8.59 10984
25 2.338 22.034 13.04 10728
4.569 22,316
6.701 21.597 250 4.76 27981
8.739 20.841 8.59 28058
10.690 20,081 13.04 27231
100 0.0989 745.6 300 4.76 60656
2.391 22.6 8.59 60605
4,571 6656.8 13.04 59777
5.392 666.8
5.085 654.5 350 4,76 117795
8.59 116760
120 4.76 1437 13.04 116916
8.539 1437
13.04 12z

Vapor Fressure

3.1 mm.Hg
3.
5.
13,
23,
51.
97.
190.
195,
358,

5
0
1

W O v

[



A.l.> Heat Gapacity of Aquecus LiOH Soluiicis at 70 ¢ {317
W, % weat Capacity
Lk O
0.5 4,17 Jouzlee/g. C
1.0 4,12
2.5 4.06
5.0 2,99

A.1.5 Viscosity of LiOH Solutioms (32)

Wt % wt %
Temperature LiOH ' Viscosity Temperature LiOE Viscosity
20 1.18 1.139 50 1.18 0.51
2,33 1.294 2,38 0.67
4,55 1.685 4.61 0.86
6.68 2.223 6.77
8.74 2.990 8.83 1.43
10.81 4,084 10.92
30 1.18 0.907 75 1.18 0.42
2.34 1.028 2,37 0.46
4,57 1.325 4,63 0.58
6.72 1.720 6.80
8,77 2.255 8.86 0.88
10.85 3.00R8
40 1.18 0.742
2,35 0.841
4.59 i.069
6.75 1.328
3.80 1.758
10.89 2,305
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A0
el

0.9958

1.,0078

1.0286

1.0496

1.0701

1,0906

80
0.9860
0.9973
1.0189
1.0397
1.0600

1,0803

Specific Conductance at 25°¢

A.1.7 Density of LiOH Solutiomns (30)
we 2 ¢
LiOH 0 10 20 25 30 40 50
1 .0122 1.0115 1.0102 1.0090 1.0075 .0041 1.0000
2 .0240 11,0230 1.0217 1.0203 1.0188 .0155 1.0114
4 .0468 1.0456 11,0437 1.0422 1.0407 .0371 11,0331
6 .0690 1.0674 1.0650 1.0636 1.0621 .0582 1.0541
8 .0908 1.0888 1.0862 1.0867 1.0830 .0790 1.0747
10 .1125 1.1102 1.1074 1.1057 1.1038 .0996 1.0952
A.1.8 Electrical Conductivity of LiOH Solutions (33)
Wt 7 LioH Equivalent Conductance at ZSOC
cmaz/ohm ohmlcm
10.83 79.7 0.3992
6.57 114.¢6 0.3352
5.00 129.0 0.2849
2.47 157.9 0.1640
1.16 178.3 0.0834
0.55 191.9 0.04432
at infinite dilution 237.2 0,008

{(Extrapolated after plotting
the above values)



A. 1.9 Properties of Solid Litriun Hvdroxide

Properties

Molecular Weight
Crystal Structure

LiOR Content
(theoretical)

LiZO Equivalent
Density

Melting Point

Heat Capacity(ZSOC)
Heat of Soln.(25°C)

Heat of formation
(25°¢)

Heat of fusion

Free energy of
formation (25°C)

Entropy

Monohydrate
L1'.0H-~i‘£20

41.96

Moroelinic
57.07%
35.60%

1.51

Loses water @100-110%¢
VP at 259C = 3.90 mm.

19.00/cal/deg/mol
-0,867 keal/mol

-188.926 + 0.12
keal/mol

-163.437 + 0.16
kecal/mol

17.07 + 0.05 cal/deg/mol
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LiOH

23-94

Tetragoral

100%
62.41%
1.46

g s}
471.1°C

11.849/cal/deg/mol
-4 ,887 kcal/mol

-116.589 + 0,09
kcal/mol

5.01 kcal/mol

-105.676 + 0.13
kcal/mol

10.23 + 0.5
kcal/deg/mol
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